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ELECTROCHEMICAL GAS SENSORSThis
application is a continuation, of application Ser. No.
404,680, filed Sept. 8, 1989, now abandon.

FIELD OF INVENTION

This invention relates to electrochemical gas sensors
for electrically signalling the concentration of an elec-
trochemically active gas, such as oxygen, in a gas mix-
ture and, more particularly, to improvements in the
structural organization of the electrochemical sensing
cell and an improved electrode configuration for use in
such sensing cells.

BACKGROUND OF INVENTION

Electrochemical gas analyzers of the type under con-
sideration in this invention are well-known in the art
and are exemplified by the disclosures in U.S. Pat. Nos.
3,767,552 and 4,077,861. These gas analyzers are in the
form of electrochemical cells that are used as sensors for
determimning and electrically signalling the concentra-
tion of an electrochemically active gas in a gas mixture.
The gas mixture may be air and since air includes oxy-
gen, the sensing cell determines the oxygen concentra-
tion in the gas mixture or air. For this purpose, the
electrochemical cell is generally defined with anode
and cathode electrodes immersed in an electrolyte for
producing an electrical output signal from the sensing
cell representative of the quantity of concentration of
the electrochemical active gas in the sensed gas mixture.
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These electrochemical cells as recognized in the prior

art, are characterized as either galvanic cells or polaro-
graphic cells. Generally the galvanic cell results from
the selection of an appropriate active anode material,
such as lead, for causing a reaction at the cathode elec-
trode with the gas undergoing analysis leading to the
denvation of an electric output current from the cell
representative of the concentration of the sensed gas
and applied to a suitable sensing device connected to
the sensing cell. A polarographic electrochemical cell

35

results from the selection of silver, for example, as an

anode electrode and applying a small polarizing voltage
between the cathode and the anode electrodes to pro-
duce the desired cathodic reaction.

There are available in the marketplace at the present
time various types of electrochemical sensors for sens-
Ing oxygen, for example, based on galvanic and potenti-
ostatic principles which are utilized for determining
OXxygen concentrations with great accuracy over a wide
range of concentrations ranging from 1 ppm (parts per
million) to 100 percent oxygen without any problem.
The measurements of gas concentration, such as oxygen
concentrations at trace levels which are considered in
the range of 1 to 100 ppb (parts per billion), is very
difficult and has not been satisfactorily solved by the
workers in the art. The problems associated with such
sensing devices for sensing such low levels of oxygen or
other electroactive gas concentrations is complicated
by the very low level of signal output that is derived
from the present day sensing cells and by the electronic
signal-to-noise ratio generated by the presently avail-
able electronic circuitry makes the processing of such
output signals very difficult. The presently available
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sensors also inhere the problem of the effective removal

of any dissolved oxygen in the electrolyte solution for
the sensing cell, and which removal procedure has been
preven to be difficult and also requiring a long period of
time to minimize the dissolved oxygen in the electro-
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lyte. The residual oxygen dissolved in the electrolyte
solution for such sensors therefore interferes with the
correct sensing and measurement of the oxygen in a gas
mixture. These problems are greater factors when the
gas.to be analyzed contains only a few parts per billion,
ppb, of oxygen, or the like, of electrochemically active
gas.

It 1s of course recognized that the output signal pro-
vided by such an electrochemical sensor may in princi-
ple be increased by simply increasing the effective area
of the sensing cathode electrode. When the area of the
sensing cathode electrode is increased, it requires a
relatively large volume of electrolyte to wet the large
cathode electrode. The removal of oxygen from a large
volume of electrolyte becomes extremely difficult and
time consuming. This, then, severely restricts the over-
all size of any electrochemical oxygen sensor. At the
present time when oxygen is dissolved in the electrolyte
solution of such a sensor, it can be removed by either
purging the electrolyte solution by an ultra pure inert
gas or by an electrochemical reduction mechanism, or
the combination of the two procedures. These proce-
dures usually require several days to remove the dis-
solved oxygen from the electrolyte and once the unde-
sired gas is purged from the electrolyte solution, the
electrochemical sensor still has to be calibrated by
means of a sample gas with a known concentration of
oxygen, or of the gas to be sensed. During the calibra-
tion process, some of the oxygen or other gas again
dissolves in the electrolyte which has to be removed
before using the gas analyzer to provide accurate results
in analyzing a gas mixture having an unknown concen-
tration of oxygen or the like. The amount of oxygen
which dissolves in the electrolyte solution during cali-
bration depends upon the extent to which the electro-
lyte is exposed to the calibration gas.

Another significant problem that is known in the art
with respect to currently available gas sensors is that
they generally exhibit a sensitivity to either the changes
in the rate of flow of the gas undergoing analysis or to
mechanical vibrations due to the vibration of the sup-

porting surface for the cell causing stirring of the elec-
trolyte, or to both. Any changes in the rate of flow of

the gas undergoing analysis and the mechanical vibra-
tions, both influence the rate of mass transport of the
dissolved electrochemically active gas to the catalyst
surface and, therefore, influences the accuracy of the
output signal from the electrochemical cell. This re-
quires the precise control of the rate of flow of the gas
mixture and a vibration free supporting surface for the
electrochemical cell for producing accurate measure-
ments of the gas concentrations in a gas mixture.

At the present time, semiconductor devices have
been extensively used in electronic circuits, including
electronic circuit boards. The use of semiconductor
devices is continuously increasing. During the fabrica-
tion of the semiconductor devices, ultrapure, inert gases
are required for blanketing the semiconductor devices.
It has been found that any oxygen in the blanketing
gases 1S a major contaminent of the semiconductor de-
vices and poses a significant problem in the fabrication
of such semiconductor devices. The yield in the fabrica-
tion of such semiconductor products is adversely af-
fected by the oxygen present in the inert blanketing gas.
The semiconductor fabricators, therefore, deem it es-
sential to accurately monitor the very low levels of
oxygen concentration present in the blanketing gas
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during the fabrication process. To achieve this aim,
accurate oxygen analyzers with sensitivities in the range
of 0 to 100 ppb (parts per billion), are required. The
presently available oxygen sensors do not lend them-
selves readily to measure oxygen in this very low range.
The present status of the art is that most of the electro-
chemical sensors useful for analyzing gas mixtures hav-
ing less than 10 ppm of oxygen contain an aqueous
electrolyte solution. Present day electrochemical cells
function to cause the reactant gas, such as oxygen, to be
first dissolved in the electrolyte solution and then it
diffuses to the cathode surface and then is electrochemi-
cally reduced at the cathode electrode surface, causing
an electronic current to flow, producing oxidation at
- the anode electrode and a current flow into the external
sensing circuit that is connected between the cathode
and the anode electrodes of the electrochemical sensor.
The rate of flow of electric current can be easily mea-
sured, and since it is proportional to the concentration
of oxygen present in the gas mixture, signals the sensed
concentration.
- In addition, the aforementioned problems of the prior
art sensors in ordinary usage, are even more critical
when an attempt is made to utilize these sensors for
measuring oxygen in the range of 0 to 100 ppb. Also, the
gases to be analyzed are generally very dry and, there-
fore, the water in the aqueous electrolyte solution is
continuously lost in the form of water vapor in the use
of the electrochemical cells of the prior art. Since most
of the electrochemical cells are sensitive to the amount
of water in the cell, it has been found necessary to hu-
midify the gases prior to introducing them to the sens-
ing cell, in order to minimize the loss of water from the
sensing cell. Accordingly, there is a present need in the
art for an improved, accurate, electrochemical cell ca-
pable of measuring concentrations of electrochemically
active gases in a gas mixture and, in particular, oxygen,
in the range of 0 to 100 ppb and one that is simple to
construct and use and has a capability of readily remov-
ing any dissolved electrochemically active gases from
the aqueous electrolyte and does not need sample gas
humidification.

SUMMARY OF INVENTION

The present invention provides an improved, inex-
pensive and accurate electrochemical gas analyzing,
sensing cell that is capable of sensing concentrations of
electrochemically active gases in gas mixtures, such as
oxygen, in the range of 0 to 100 ppb and eliminates most
of the aforementioned problems of prior art devices.
The electrochemical gas analyzing sensor of the present
invention utilizes a high surface area, metal catalyzed
gas diffusion electrode as the sensing cathode that
causes the electrochemical reaction to occur directly at
the electrode surface and provides a significant increase
in the electrical output current from the sensing cell per
geometric area of electrode. Due to the increased out-
put current produced by the sensing cell, the signal-to-
noise ratio is increased and, as a result, the electronic
sensing and measuring circuit coupled to the sensor is
simplified. In accordance with the present invention,
the gas to be analyzed is circulated to the back of the
cathode electrode of the electrochemical cell to cause it
to diffuse through the microporous structure of the
backing layer so as to arrive at the catalyst metal dis-
persed on the electrode surface exposed to the electro-
lyte. As a result of much higher activity of the catalyst
due to the high surface area of the catalyst, very little of
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the gas undergoing analysis, such as oxygen, will pass
directly through the catalyst layer unreacted and, there-
fore, a minimum amount of the reactant gas will be
dissolved in the bulk of the electrolyte, thereby increas-
ing the accuracy of the sensing device. The design of
the improved sensor is such that the sensitivity is not
seriously affected by the loss of a large amount of water
from the aqueous electrolyte solution utilized in the cell
and, therefore, eliminates the need for humidifying the
gas. In addition, the sensor is insensitive to minor me-
chanical vibrations and to the gas flow rate, provided
the pressure of the gas undergoing analysis as applied to
the cathode electrode does not change with the flow
rate.

From the standpoint of removing any dissolved oxy-
gen or similar active gas from the aqueous electrolyte
solution, this can be accomplished more efficiently with
the present invention by bubbling pure nitrogen
through the electrolyte solution to cause the desired
reaction for quickly removing the oxygen from the
electrolyte solution. Once the electrolyte solution is free
from dissolved oxygen, the same basic means can be
employed to cause a nitrogen stream to flow over the
surface of the electrolyte, thereby minimizing the loss of
water from the cell due to evaporation. Once the sens-
Ing operation is complete, nitrogen gas can again be
bubbled through the electrolyte solution to remove any
trace amounts of oxygen that may have been dissolved
during the sensing operation. This will allow the cell to
be immediately ready to analyze a new gas sample with
a significantly lower oxygen concentration in a rela-
tively short period of time after the last use thereof.

From a broad structural standpoint, the electrochem-
ical sensing cell of the present invention comprehends
the use of a cathode electrode capable of use with low
concentrations of reactive gases in the parts per billion
range, generally characterized as a high surface area
metal catalyzed gas diffusion electrode having an elec-
trically conducting, hydrophobic, porous Teflon-car-
bon backing layer bonded to a relatively thin layer of
high surface area metal catalyst dispersed on a high
surface area conductive support permitting the catalyst
to be wet when exposed to an electrolyte, and whereby
the gas mixtures conveyed through the hydrophobic
layer to the catalyst area, cause reaction thereat of the
electrochemically reactive gas undergoing sensing upon
the exposure of the porous layer to a gas mixture and
yet preventing the electrolyte from flowing outwardly
of the electrochemical sensing cell beyond the catalyst
layer of the electrode. The catalyst is covered with a
very thin layer of the electrolyte, and the gas to be
analyzed reaches the catalyst surface relatively quickly.

From the standpoint of the structural organization of
the electrochemical sensing cell, the present invention
comprehends an electrically insulative container having
an aperture in one side of the side wall thereof mounting
cathode electrode means to expose only the catalyst
surface of the cathode electrode means to the electro-
lyte solution therein. The anode electrode means is also
supported within the container along with the fluid
electrolyte for wetting the anode electrode means and
the exposed surface of the cathode electrode means.
The cathode electrode means is constructed and defined
as a composite structure with a high surface area cata-
lyst and a gas diffusing, hydrophobic backing layer
arranged on the opposite side of the electrode. The
backing layer is adapted for conveying gas there-
through to a catalyst metal layer having a high surface
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area adapted to be wet by the electrolyte to cause the
electrochemically active gas, such as oxygen, to react
thereat. The hydrophobic surface blocks the flow of
electrolyte beyond the catalyst layer of the electrode.
The sensor includes means for continuously circulating
a gas mixture to be analyzed for exposure to the gas
diffusing back layer of the cathode electrode means to
be diffused therethrough to the catalyst layer to be
reacted thereat with a minimum amount of unreacted
dissolved gas to pass through the catalyst layer into the
bulk of the electrolyte, thereby providing an electrical
current flow between the cathode means and the anode
means through the external circuit proportional to the
sensed concentration of the reactive gas in the mixture.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features of the present invention may
be more fully appreciated when considered in light of
the following specification and drawings, in which:

FIG. 1 1is a cross-sectional, front view of an electro-
chemical cell embodying the present invention:

FIG. 2 is a side elevational view of the electrochemi-
cal sensing cell of FIG. 1, taken along the line 2—2 of
FI1G. 1;

FIG. 3 is an enlarged diagrammatic illustration of the

side of the cathode electrode utilized in the cell of FIG.
1; and
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receiving a pair of gas tubes for conveying the gas to be
analyzed past the back side of the cathode electrode K

~and then is conveyed outside of the container 10. For
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FIG. 4 1s an electrical, schematic diagram of a sensing

circuit for use with the electrochemical cell of FIG. 1.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Now referring to the drawings, the electrochemical
sensing cell S of the present invention will be described
in detail. The sensing cell S is illustrated in the drawings
and will be described as a sensing cell based on galvanic
operation as a result of the choice of an active anode
material for use in the electrochemical sensing cell. It
will be recognized by those skilled in the art that such
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sensing cells may also be readily adapted to function as 40

potentiostatic and polarographic sensors and sensors

which function on oxidation as well as reduction of the
chemical reactants.

The sensor S is housed in a generally, electrically
insulative housing 10 that may be constructed of an
electricaily insulative plastic material, such as an acrylic
plastic. The housing 10, as illustrated, has a generally
U-shaped configuration with an open top end and
which open end is secured by a cover member 11 which
may be a stainless steel member that is sealed to the
insulative housing 10 proper, including by means of the
O-ring 12, as illustrated. One side wall of the housing
10, the left hand wall, is provided with a circular aper-
ture 10¢ for mounting a cathode electrode K therein for
exposure to an electrolyte solution 13. The housing 10
has an internal cavity 10c for storing the electrolyte
solution 13. The cavity 10¢ for the housing 10 also
mounts a circular anode electrode A, illustrated as over-
Iying the bottom inside wall of the sensor S. The aper-
ture 10a in the side wall of the housing 10 is enclosed by
a circular cover element 14 that is secured to the hous-
ing 10 proper in a conventional fashion by means of a
piurality of fasteners 15 spaced around the periphery of
- the circular element 14. The aperture 10q is sealed by
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the provision of an O-ring 16 secured between the outer 65

wall of the container 10 and the inner wall of the ele-
ment 14 at the defined shoulder. The cover member 14
1s provided with a pair of spaced apertures thereon for

this purpose, a gas inlet tubular element 20 is arranged
to distribute gas near the bottom of the aperture 104 for
conveying the gas to be analyzed into the aperture 10q
for traversing the adjacent backing layer of the cathode
K. A gas exit tubular element 21 is arranged upwardly
of the opening 10a for receiving a gas moving past the
cathode K and conveying the gas by means of the tube
21 outside of the sensor S. The source of gas to be ana-
lyzed 1s illustrated in block form in FIG. 1 and is identi-
fied by the reference numberal 22. The source 22 has a
tubular element that is normally coupled for delivering
gas to the tubular element 20 for analysis by the sensor
S. The bottom wall of the sensor S secures an external
cathode terminal K-23 and an external anode terminal
A-23 that are electrically connected to the correspond-
ing cathode K and anode A electrodes within the sensor
S proper, as will become more evident hereinafter.

An important consideration of the present invention
1s the utilization of a novel cathode electrode K in the
sensor S that 1s generally characterized as a high surface
area metal catalyst gas diffusion electrode. Electrodes
that are characterized and utilized in the present inven-
tion are commercially available from Prototech Com-
pany of Newton, Mass., and other suppliers. Specifi-
cally, the structural organization of such an electrode is
well-known for use in fuel cells and is disclosed in detail
in U.S. Pat. No. 4,647,359 and assigned to said Proto-
tech Company. The commercial embodiments of such
electrodes as disclosed in the Prototech patent are avail-
able from the Prototech Company and useful in the
sensor S. The presently preferred embodiment of the
electode that is commercially available is identified as a
gas diffusing electrode on Toray paper and has been
utilized in the sensor S. The disclosure of U.S. Pat. No.
4,647,359 is incorporated herein by reference. Although
such electrodes are utilized in fuel cells for generating
electrical power, there is no known utilization of such
electrodes in electrochemical gas analyzers of the type
which is the subject of the present invention and, partic-
ularly, in sensing oxygen traces in the parts per billion
range. The use of a high surface area metal catalyzed
gas diffusion electrode affords the possibility of achiev-
ing much higher effective surface areas for the sensing
cathode electrode of an electrochemical gas analyzing
cell without increasing its geometric area. The typical
effective surface area of a gas diffusion electrode is
usually 100 times greater than its geometric area, when
compared to a smooth, metal screen electrode where
the effective area is usually twice the geometric area.

For the purposes of the present invention, the basic
characteristics and structural organization facilitating
the understanding of the gas diffusion cathode K will be
explained in conjunction with the diagrammatic repre-
sentation in FIG. 3 of the composite structure defining
the gas diffusing cathode K. The cathode K is a com-
posite structure having a gas diffusing polytetrafluoro-
ethylene-carbon backing layver on one side thereof
bonded to a relatively thin layer of high surface area
catalyst metal dispersed on a high surface area carbon
support; see FIG. 3. The gas diffusing portion of the
cathode K 1s illustrated to the left in FIG. 3 and consists
of a microporous structure of polytetrafluoroethylene
and carbon mixture. The microporous structure func-
tions as gas wicks to convey the gas subjected thereto
through the microporous, electrically conductive, hy-
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drophobic structure of the polytetrafluoroethylene-car-
bon mixture to the catalyst surface. This gas receiving
and diffusing layer permits the conveyance of the gas
therethrough by means of the gas wicks formed by
polytetrafluoroethylene-carbon structures. The catalyst
layer of the cathode is a relatively thin layer having

approximately 1/10th of the thickness of the backing.

layer. This layer can be termed the catalyst layer as it is
exposed to the electrolyte solution in the cell S. The
catalyst layer consists of a high surface area metal cata-
lyst, such as silver, platinum, gold and the like metals,
dispersed on a high surface area carbon support. A
relatively small amount of polytetrafluoroethylene or a
polymeric, fluorinated hydrocarbon material is used as
a binder of the metallic catalyst to the carbon support.
The backing layer is also characterized as being a hy-
drophobic porous layer which permits the gas to be
analyzed to be conveyed therethrough to the catalyst
layer but blocks or prevents the electrolyte solution
from traveling beyond the catalyst layer and thereby
exiting the sensor S. The cathode electrode K has a
circular configuration and the presently preferred em-
bodiment has an area of approximately 1 square inch.
The thus defined gas diffusing backing layer of the
sensing cathode K allows the gas to be analyzed to
diffuse through i&s microporous structure and reach
the metallic catalyst surfaces where the electrochemi-
cally active gas, such as oxygen, reacts. Since the gas to
be analyzed is diffused through the gas wicks of the
backing layer, only the electrolyte immediately adja-
- cent the catalyst metal surface is exposed to the gas. As
a result of the very high effective surface area of the
catalyst provided for the cathode K, most of the react-
Ing gas is consumed at the cathode K surface. It is
thought that only a small portion of the unreacted dis-
solved gas passes through the catalyst layer to the bulk
of the electrolyte 13 which allows it to be rapidly re-
moved, as will be explained hereinafter.

Referring back to the sensor structure of FIG. 1, it
wili be seen that the cathode K is mounted in the circu-
lar cavity 10a on the side wall of the sensor housing 10,
as illustrated. For this purpose, the cathode K is held in
posttion by means of an insulative, holding ring which
may be a plastic polyethylene ring and is identified by
the reference numeral 25. The polyethylene ring is
mounted between the outer surface of the housing 10
and the outer surface of the cathode K, as best illus-
trated in FIG. 1. Along with the holding ring 25, a very
thin silver ring (not shown) is arranged between the
outer surface of the cathode K and the insulative ring
25. The silver ring is in electrically conducting contact
with the cathode electrode K. A number of electrical
lead wires, thin silver wires, are connected between the
conductive silver ring and the external cathode terminal
K-23, although only one lead wire 30 is illustrated.

The one lead wire 30 is electrically connected to the
silver ring and is passed through a suitable aperture in
the inside of the side wall of the housing 10 and through
an enlarged aperture 10w to extend outside the lower
end of the housing 10. The outer end of the silver wire
30 1s electrically connected to the external cathode
terminal K-23, as illustrated. The cover member 14 for
the sensor S is mounted so that the distance between the
outside surface of the gas exposed layer of the cathode
K and the inside wall of the plate 14 is typically greater
than $ inch. The gas to be analyzed is conveyed from
the source 22 through the tubular conduit 20 and enters
the space between the cathode K and the inside surface
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of the plate 14 and after being subjected to the cathode,
the rematning amount of gas exits from the second tubu-
lar element 21 secured to the plate 14. During the pro-
cess, the gas to be analyzed contacts the backing surface
of the cathode K and diffuses through the gas wicks
provided to arrive at the catalyst surface of the electro-
lyte layer. A typical surface area of the catalyst metal is
150 m2/g. The gas to be analyzed is circulated past the
backing layer of the cathode K at atmospheric pressure
and 1t 1s preferred to be maintained at such a pressure.
The rate of diffusion of the gas through the gas wicks of
the backing layer for the cathode K is insensitive to the
rate of flow of the gas exposed to the backing layer
provided the gas pressure remains substantially un-
changed. Therefore, variations in the gas flow rate will
not affect the electrical signal output from the sensor S.
In addition, minor mechanical vibrations causing stir-
ring of the electrolyte solution will not affect the integ-
rity of the electrical output signal from the sensor S
since the gas mass transport occurs through the diffus-
ing cathode electrode and not the electrolyte solution,
as in the prior art sensors discussed hereinafter. This
mounting arrangement of the cathode electrode K sub-
stantially himits the contact of the electrolyte solution to
the gas mixture undergoing analysis.

The anode electrode A, which may be either con-
structed of lead, cadmium or the like, is a circular disc
mounted on the inside bottom wall of the cavity 10c¢ for
the housing 10. An electrically conductive stud 31 is
connected onto the bottom side of the anode wall of the
housing 10 and is electrically connected to an external
anode terminal A-23 and secures the anode electrode to
the housing 10.

The open end of the housing 10 is sealed by means of
a stainless steel plate 11 having three apertures for ac-
commodating three stainless steel tubular elements that
are welded thereto. The left hand tubular element, as
illustrated in FIG. 1, is identified by the reference nu-
meral 35 and extends upwardly or outwardly of the
plate 11 and downwardly into the electrolyte solution
13 for the sensor S. The tubular element 35 may have a
fine pore glass frit attached thereto for bubbling a purg-
ing gas into the electrolyte solution 13. When a frit is
utilized, the length of the frit stem is defined so that the
gas emerges near the bottom of the electrolyte solution.
For this purpose, the stem of the frit may have a disc at
its end for dispersing the purging gas therethrough. The
second tubular element 36 is spaced inwardly from the
element 35 and the two tubular elements 35 and 36 are
connected and controlled by means of a three-way
valve 37. The tubular element 36 extends outwardly of
the cover element 11 and a short distance into the space
between the bottom wall of the cover 11 and the top
surface of the electrolyte 13. The three-way valve 37 is
connected to a source of purging gas 38, shown in block
form, to receive and control the flow of the gas. The
function of the three-way valve 37 is to control the flow
of the purging gas into one of the tubular elements 35
and 36 and to completely turn off the gas. A third tubu-
lar element 39 that is welded to the cover 11 is a short
length of tubing which extends a short distance below
the bottom surface of the cover 11 and outwardly of the
top of the cover and functions as a vent for exhausting
the gas in the sensor S proper to the atmosphere. The
sensor S 1s also illustrated with a water port 40 for per-
mitting water to be added to the electrolyte solution 13.
The port 40 is sealed with an O-ring and a polytetrafluo-
roethylene screw, as illustrated.



5,085,760

9

The aqueous electrolyte solution may be any electro-
lyte known in the art and in the disclosed embodiment,
the electrolyte utilized was a potassium hydroxide,
aqueous solution.

As mentioned hereinabove, the sensor S of the pres-
ent invention is particularly adapted for sensing oxygen
concentrations that are characterized as trace quantities
or quantities in the range between 0 and 100 ppb. As is
the usual practice, in order to assure correct output
readings from a sensor, the electrolyte solution 13 must
have the dissolved oxygen removed therefrom prior to
analyzing a gas. In accordance with the present inven-
tion, one method of purging the reactive gases from the
electrolyte solution is by the provision of the source of
purging gas 38, which may be pure nitrogen, which is
bubbled through the electrolyte solution 13 by operat-
ing the valve 37 to apply the nitrogen gas from the
source 38 directly into the electrolyte solution, as illus-
trated. This can rapidly remove the oxygen from the
electrolyte. Once the electrolyte 13 is free of dissolved
oxygen, the sensor S is ready to analyze the gas mixture
coupled thereto. During the sensing period, the valve
37 may be controlled to cause the nitrogen gas from the
source 38 to be removed from the tubular element 35
and coupled to the tubular element 36. This will cause
the nitrogen gas to flow over the top surface of the
electrolyte 13 during the analysis period. By passing the
nitrogen gas over the electrolyte 13 in this fashion, it
will minimize the loss of water from the electrolyte due
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to the evaporation and improve the overall operation of 30

the sensor S.

In the analysis of the gas to be analyzed, the source 22
1s coupled to the inlet conduit 20 so as to circulate it past
the backing layer of the cathode K to permit it to diffuse

through the backing layer and reach the catalyst metal
where it reacts. An important consideration in this reac-

tion procedure should be noted at the present time. In
prior art sensors, the gas to be analyzed is first caused to
be dissolved in the aqueous electrolyte solution and
once the gas is dissolved, it diffuses towards the cathode
electrode through a relatively thick layer of electrolyte,
and once it reaches the electrode, is reduced at the
electrode-electrolyte interface. Only a fraction of the
dissolved gas reacts at the electrode and a substantial
amount of the reactive gas stays in the bulk electrolyte.
This i1s 1n contrast to the present invention where most
of the dissolved reactive gas is used up at the high sur-
face area electrode covered by a thin film of electrolyte
without diffusion into the bulk electrolyte.

The cathode electrode K, as in the prior art, functions
as the sensing electrode and when oxygen is being
sensed, the sensed oxygen produces a cathodic current
at the catalytic metal surface in response to the wetting
of the metal and the reception of the gas mixture under-
going analysis thereat, and the cathodic reaction pro-
vides an electric current flow externally between the
cathode K and the anode A and the anode is oxidized in
response to the cathodic reduction. The external elec-
tric current, then, is available at the terminals K-23 and
A-23 on the outside of the sensor S.

Now referring to FIG. 4, the electrical circuit for
processing the electrical signals derived from the sens-
ing cell S at the external cathode terminal K-23 and the
external anode terminal A-23 will be explored. For this
purpose, it should be noted that the output current
available at these external terminals is on the order of 10
to 14 microamperes per parts per million of oxygen in a
gas to be analyzed when the cathode electrode has the
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aforementioned one inch square diameter. This electri-
cal output is about ten times higher than the conven-
tional oxygen analyzers presently known for sensing the
low oxygen concentrations in gas mixtures. Any con-
ventional sensing circuit may be employed by coupling
it to the external anode and cathode terminals and in
FI1G. 4, a conventional operational amplifier Amp is
1llustrated connected to the external anode and cathode
terminals with the anode A-23 connected to the nega-
tive input terminal of the amplifier Amp. The output
circuit for the amplifier Amp is connected in series
circuit relationship with an output resistor AO con-
nected to a common voltage level or ground. A feed-
back resistor AF is connected between the output ter-
minal common to the resistors AR and AQ, to the nega-
tive input terminal of the amplifier Amp. A meter M
may be connected between the output terminal O and
ground that is calibrated to read the concentration of
the sensed oxygen of the gas undergoing analysis for a
direct read-out of the sensor S.

We claim:

1. An electrochemical sensing cell for sensing the
concentration of an electrochemically active gas includ-
Ing Oxygen in a gas mixture including concentrations of
said active gas in the parts per billion range, comprising
an eiectrically insulative container having an aperture in
one of the side walls, cathode electrode means mounted
to the apertured wall of the container whereby only one
surface of the electrode is exposed to the inside of the
container, anode electrode means supported within the
container, a fluid electrolyte adapted to be stored within
the container for wetting said anode electrode means
and said one surface of said cathode electrode means,
said cathode electrode means being constructed and
defined as a composite structure with an electrically
conductive gas diffusion, hydrophobic surface arranged
on the opposite side of said one surface exposed to the
inside of the container and with the electrically con-
ducting, hydrophobic, gas diffusion layer adapted for
conveymg gas therethrough for permitting measure-
ments in the parts per billion range and a silver or gold
catalyst with a surface area on the order of 150 square
meters per gram dispersed on a carbon support and
adapted to be wet by an electrolyte stored in the con-
tainer to cause the electrochemically active gas con-
veyed through the gas diffusion surface to react at the
catalyst surfaces, the hydrophobic surface blocking the
flow of electrolyte outside of said catalyst surface, and
means for continuously circulating said gas mixture to
be analyzed for exposure to the gas diffusion surface of
the cathode electrode means to be diffused there-
through to the catalyst layer so that the active gas is
reacted at the catalyst surface with a minimum amount
of dissolution of said active gas in the electrolyte and
thereby providing an electrical current flow from said
cathode means to said anode means representative of
the concentrations of the sensed electrochemically ac-
tive gas including in parts per billion range.

2. An electrochemical sensing cell as defined in claim
1 including means secured to the container for convey-
ing a gas into the container for removing any reacting
gas dissolved in the electrolyte, and means secured to
the container for venting the container of the gas mix-
ture under analysis.

3. An electrochemical sensing cell as defined in claim

1 or 2 including port means for adding water to the

container.
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4. An electrochemical sensing cell as defined in claim
1 or 2 including means secured to the container for
conveying a preselected gas into the stored electrolyte
for removing any reactive gas dissolved in the electro-
lyte prior to subjecting the cell to a gas to be analyzed,
and means secured to the container for conveying a
preselected gas over the top surface of the stored elec-
trolyte, and valve means coupled to each of said means
for individually controlling the flow of the preselected
gas to one of said conveying means.

5. An electrochemical sensing cell as defined in claim
2 wherein said means is a tube having a fine pore glass
frit attached thereto, the glass frit having a frit stem
extending adjacent the bottom of the sensing cell and a
frit disc attached adjacent the end of the frit stem for
dispering the inert gas into the electrolyte for removing
the dissolved electrochemically active gases from the
electrolyte solution.

6. An electrochemical cell comprising an insulative
container, a cathode electrode mounted to a wall of said
container whereby only one surface of the cathode
electrode is exposed to the inside of the container, an
anode electrode support within the container, a fluid
electrolyte adapted to be stored within the container
and exposed to the anode electrode and said one surface
of the cathode electrode to wet said electrodes for re-
acting an electrochemically active gas in a gas mixture
undergoing measurement subjected to the non-elec-
trolyte surface of the cathode electrode, said cathode
electrode being constructed and defined with micropo-
rous, hydrophobic structure arranged on the opposite
side of the electrolyte exposed surface thereof permit-
ting a gas mixture to be analyzed to diffuse through said
microporous structure, the electrolyte exposed surface
of the cathode electrode being a thin layer of a conduc-
tive support with a gold or silver metal catalyst of a
surface area on the order of 150 square meters per gram
dispersed on the conductive support, the catalyst layer
being exposed to said electrolyte and the hydrophobic
layer is exposed to the gas mixture to be analyzed,
means for circulating a gas mixture to be analyzed in-
cluding an electrochemically active gas such as oxygen
through the container and to be conveyed and exposed
to the microporous surface of the cathode electrode for
permitting the gas mixture to diffuse to the catalyst
layer for reaction thereat, the gas mixture including an
electrochemically active gas to be sensed and reacting
at the catalyst layer, a cathode terminal secured to a
-~ wall of the container and electrically connected to the
cathode electrode, and an anode terminal secured to a
wall of the container and electrically accessible on the
outside of the container and electrically connected to
the anode electrode. .

7. An electrochemical cell as defined in claim 6 in-
cluding electronic circuit means adapted to be con-
nected to the cathode and anode terminals on the out-
side of the container to be responsive to the electrical
current generated in the electrochemical cell for pro-
viding a sensing electrical signal related to the concen-
tration of the sensed electrochemically active gas in the
applied gas mixture.

8. An electrode for use in an electrochemical gas
sensing cell for sensing the concentrations, including
concentrations in the parts per billion range, of electro-
chemically active gases such as oxygen in a gas mixture,
said electrode being generally characterized as a large
effective surface area metal catalyzed gas diffusion elec-
trode and comprising a conductive hydrophobic, po-
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rous gas conveying layer bonded to a relatively thin
layer of a gold or silver metal catalyst with a surface
area on the order of 150 square meters per gram dis-
persed on said support, permitting the catalyst to be wet
when exposed to an electrolyte solution whereby said
gas mixture is conveyed through the hydrophobic layer
to the catalyst areas to cause reaction thereat of the
electrochemically active gas undergoing sensing includ-
Ing concentrations in the parts per billion range upon
the exposure of said porous layer to a gas mixture and
the wetting of said catalyst surfaces.

9. An electrode as defined in claim 8 wherein the
electrode comprises an electrically conductive micro-
porous composite  polytetrafluoroethylene-carbon
structure constructed and defined as a gas diffusion
layer to permit gas to be diffused therethrough, and the
relatively thin layer of catalyst comprises a silver cata-
lyst with a surface area on the order of 150 square me-
ters per gram dispersed on a carbon support, bonded to
said gas diffusing layer.

10. An electrode for use in an electrochemical sensing
cell for sensing the concentration of an electrochemi-
cally active gas such as oxygen in a gas mixture includ-
ing concentrations in the parts per billion range, said
electrode comprising a composite electrode having one
layer constructed and defined with a conductive hydro-
phobic, microporous structure of a preselected configu-
ration permitting a gas mixture containing an electro-
chemically active gas to be analyzed to diffuse through
said microporous structure of said one layer, and a sec-
ond catalyst layer deposited over one surface of the first
layer for exposure to an electrolyte, the catalyst layer
being further characterized as being an electrically con-
ductive layer bonded to said one layer for preventing
the passage of any electrolyte therethrough with the
electrolyte exposed surface being a relatively thin layer
of large effective surface area gold or silver metal cata-
lyst dispersed on a large effective surface area conduc-
tive support that has a relatively small geometric area
with the dispersed catalyst being on the order of 150
square meters per gram whereby any oxygen in the gas
mixture undergoing analysis traverses through the sec-
ond layer and the electrochemically active gas is sub-
stantially all reduced at the catalyst surfaces when the
catalyst is wet.

11. An electrode for sensing the concentration of an
electrochemically active gas such as oxygen in a gas
mixture to be analyzed upon exposure to the gas diffu-

- sion surface of the electrode including concentrations in
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the parts per billion range of the electrochemically
active gas for use in an electrochemical sensing device,
said sensing electrode being constructed and defined
with an electrically conducting, hydrophobic, micropo-
rous layer for conveying said gas mixture to be analyzed
through the first layer when exposed thereat, and a
second layer overlying one surface of the first layer,
said second layer including a relatively thin layer of a
gold or silver catalyst with a surface area on the order
of 150 square meters per gram dispersed on a carbon
support to cause the active gas of the gas mixture con-
veyed through the first and second layers to be reduced
at said catalytic layer when the catalyst layer is wet by
an electrolyte solution, said first layer being character-
ized as permitting a gas mixture to be diffused through
the first layer and through the second layer to permit
sensing in the parts per billion range but blocking the
flow of any electrolyte solution with which said elec-
trode 1s wet beyond the catalyst layer thereby permit-
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ting sensing at the catalyst layer of electrochemically
active gases such as oxygen including concentrations in
the parts per billion range.

12. An electrode as defined in claim 11 wherein the
electrode is constructed and defined for sensing very

low concentrations of electrochemically active gases

such as oxygen in a gas mixture including concentra-
tions 1n the parts per billion range and the electrode

5

functions as an electrode in the electrochemical sensing

device, said first layer having a micropore structure of
polytetrafluoroethylene-carbon mixture, wherein the
porous structure functions as gas wicks for conveying
gas, and the said second layer comprises a thin layer of
high surface area metal catalyst dispersed on a high
surface area carbon support, the second layer having a
thickness that is approximately 1/10 of the thickness of
the first layer.

13. An electrode as defined in claim 11 or 12 wherein
the catalyst is a high are silver.

14. An electrode as defined in claim 11 or 12 wherein
the catalyst is a high surface area gold.

15. A method for sensing the concentrations of an
electrochemically active gas such as oxygen in a gas
mixture including concentrations of such an active gas
in the parts per billion range by means of an electro-
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chemical sensing cell in an insulative container having

an aqueous electrolyte solution stored in the container,
including the steps of supporting a cathode electrode in
the container whereby only one surface of the cathode
electrode is wet by the electrolyte solution, supporting
an anode electrode within the container so as to be
exposed to the electrolyte within the container to

thereby cause the electrochemical reaction of the gas:
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undergoing sensing by the wet anode and cathode elec-
trodes, the step of supporting the cathode electrode
includes the step of providing a sensing cathode elec-
trode characterized as having a microporous, hydro-

phobic gas diffusing layer arranged on the opposite side

of the electrolyte exposed catalyst surface of the cath-
ode electrode for permitting a gas to be analyzed to
diffuse through said gas diffusing layer for permitting
sensing of the electrochemically active gas in the parts
per billion range, said cathode electrode having a small
geometric size on the order of 1 square inch in area, the
said catalyst surface of the cathode electrode being a
gold or silver metal catalyst dispersed on the carbon
support and bonded to said gas diffusing layer for pro-
ducing an effective surface area many times the geomet-
ric size of the electrode for wetting the catalyst with an
electrolyte, and distributing a gas mixture to be ana-
lyzed into the container to be exposed to and engage
said gas diffusing layer of the sensing cathode electrode
whereby the gas mixture diffuses through the electrode
to said catalyst layer of the electrode for reaction of the
electrochemically active gas at the wet catalyst surface
including when the sensed gas is in the parts per billion
range and thereby providing an electrical current flow
between said electrodes that is 2 measure of the sensed
electrochemically active gas.

16. A method for sensing the concentration of an
electrochemically active gas as defined in claim 15 in-
cluding the step of providing an electrical output signal
from the sensing cell electrodes related to the concen-
tration of the sensed electrically active gas in the gas

mixture distributed to said electrode surface.
¥ % - * ¥
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